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 Nonfunctional Overreaching Leads to Infl ammation 
and Myostatin Upregulation in Swiss Mice
and the liver to maintain blood glucose levels, 
and to synthesize infl ammatory-related acute 
phase proteins. Robson  [ 33 ] considered the IL-6 
hypothesis in which factors aside from tissue 
trauma induced by exercise would lead to an 
infl ammatory response deregulation in OT, caus-
ing both higher circulating levels of IL-6 and 
higher sensitivity to IL-6.
 Recently, Pereira et al.  [ 32 ] developed a new OT 
protocol based on downhill running sessions that 
induced NFOR in 100 % of mice. The major inno-
vation of this protocol was the inclusion of down-
hill running sessions at a  − 14 % grade over 4 
weeks. Davis and co-authors  [ 10 ] linked the per-
formance decrease induced by a single acute ses-
sion of downhill running ( − 14 % grade) at 22 m/
min for 150 min with high concentrations of 
interleukins (i. e., IL-1beta and IL-6) in soleus 
muscles. However, it has thus far not been possi-
ble to state that the performance decrease 
induced by chronic sessions of downhill running 
 [ 32 ] is linked to high concentrations of cytokines.
 Downhill running includes a signifi cant eccentric 
component that often leads to muscle-micro 
trauma, muscle soreness, infl ammation, fatigue 
and other functional defi cits  [ 6 ,  10 ] . Interestingly, 
a second bout  [ 7 ,  27 ] or repeated bouts  [ 8 ] of 
eccentric exercise (EE) did not exacerbate the 
 Introduction
 ▼
 During a training program, high-intensity train-
ing sessions are generally used for the enhance-
ment and maintenance of performance. However, 
these sessions may be related to temporary per-
formance decrease and acute fatigue  [ 14 ] . There-
fore, without recovery periods that allow 
overcompensation and performance restoration, 
the imbalance between training demands and 
adequate recovery may lead to overreaching (OR) 
and/or overtraining (OT)  [ 14 ] . Recently, Meeusen 
et al.  [ 23 ] introduced the term nonfunctional 
overreaching (NFOR) that is defi ned as a per-
formance decrement that can be reversed after 
weeks or months of recovery.
 With regard to NFOR aetiology, there are 2 
hypotheses considering the fundamental role 
of cytokines  [ 33 ,  36 ] . According to Smith  [ 36 ] , 
OT would lead to muscle and/or skeletal and/or 
joint trauma, producing high quantities of inter-
leukins (IL-6 and IL-1beta) and tumour necrosis 
factor-alpha (TNF-alpha) that would activate the 
central nervous system (CNS) leading to mood 
disorders; the sympathetic nervous system and 
hypothalamic-pituitary-adrenal axis, while sup-
pressing the activity of the hypothalamic-pitui-
tary-gonadal axis, leading to hormone changes; 
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 Abstract
 ▼
 The aims of the this study were a) to verify 
whether the performance decrease induced by 
nonfunctional overreaching (NFOR) is linked to 
high concentrations of cytokines in serum, skele-
tal muscles and liver; b) to verify muscle myosta-
tin adaptation to NFOR; c) to verify the eff ects of 
chronic glucose supplementation on the param-
eters mentioned above. Mice were divided into 
control (C), trained (TR), overtrained (OTR) and 
supplemented overtrained (OTR + S). The incre-
mental load test (ILT) and exhaustive test (ET) 
were used to measure performances before and 
after exercise protocols. 24 h after ET, muscles 
and liver were removed and stored at  − 80 °C for 
subsequent measurements. Total blood was col-
lected from decapitation for subsequent deter-
mination of cytokine concentrations. Generally, 
OTR and OTR + S presented higher contents of 
IL-6, TNF-alpha, GLUT-4 and myostatin in muscle 
samples compared to C and TR. Glucose supple-
mentation attenuated the high contents of IL-6, 
TNF-alpha and IL-15 in liver, and of IL-6 in serum. 
In summary, NFOR led to low-grade chronic 
infl ammation and myostatin upregulation.
Affi  liations Affi  liation addresses are listed at the end of the article
D
ow
nl
oa
de
d 
by
: I
P-
Pr
ox
y 
CO
NS
O
RT
IU
M
:C
AP
ES
 (U
NI
CA
MP
 U
niv
ers
ida
de
 E
sta
du
al 
de
 C
am
pin
as
), D
ot.
 Li
b I
nfo
rm
ati
on
. C
op
yri
gh
ted
 m
ate
ria
l.
140 Training & Testing
 Pereira BC et al. Nonfunctional Overreaching Leads to … Int J Sports Med 2014; 35: 139–146 
muscle damage induced by one single bout of EE. To explain this 
phenomenon, Costa et al.  [ 9 ] considered that skeletal muscle has 
the ability to down-regulate inhibitory factors of muscle growth 
and repair, such as myostatin – a member of the transforming 
growth factor-b (TGF-b) superfamily of secreted growth and dif-
ferentiation factors  [ 29 ] . Recently, Allen et al.  [ 2 ] described the 
adaptations of myostatin to endurance and resistance exercises. 
However, myostatin responses to NFOR are unknown.
 In view of the gaps in the literature mentioned above, the fi rst 
aim of the present investigation was to verify whether the per-
formance decrease induced by Pereira’s protocol  [ 32 ] is linked to 
high concentrations of cytokines in serum, skeletal muscles with 
diff erent fi ber type composition, and liver of Swiss mice. In addi-
tion, we measured myostatin content in skeletal muscles of 
Swiss mice. Our hypothesis is that chronic eccentric exercise-
induced performance decrease is linked to high concentrations 
of cytokines and down-regulation of myostatin.
 In addition, some studies showed that glucose ingestion during 
acute exercise is able to attenuate the high values of plasma IL-6 
in humans  [ 21 ,  26 ] . Assuming that our fi rst hypothesis is correct, 
the chronic glucose supplementation can be able to attenuate 
the high concentrations of cytokines in serum, skeletal muscles 
and liver of NFOR mice. Therefore, the second aim of the present 
investigation was to verify the eff ects of chronic glucose supple-
mentation on the concentrations of cytokines in serum, skeletal 
muscles and liver of Swiss mice. Finally, once IL-6 seemed to 
infl uence muscle glycogen utilization in mice during exercise 
 [ 1 ] , the glucose transporter type 4 (GLUT-4) content and the gly-
cogen concentrations were analyzed.
 Methods
 ▼
 Experimental animals and metabolic parameters
 Male Swiss mice from the Central Animal Facility of the Ribeirão 
Preto campus of the University of Sao Paulo (USP) were housed 
in individual cages with controlled temperature (22 ± 2 °C) on a 
12:12-h light-dark inverted cycle (light: 6 PM to 6 AM, dark: 6 
AM to 6 PM) with food (Purina chow) and water  ad libitum . All 
experiments were approved by the Ethics Committee of the Uni-
versity of Sao Paulo (USP). In addition, the present work adheres 
to the ethical standards of the IJSM  [ 15 ] . 8-week-old Swiss mice 
were divided into 4 groups: control (C; sedentary mice; n = 14), 
trained (TR; performed the aerobic training protocol; n = 18), 
overtrained (OTR; performed the OT protocol; n = 18) and sup-
plemented overtrained (OTR + S; OTR mice supplemented with 
glucose; n = 18).
 The body weight and food intake of all groups were recorded 
weekly. Food intake was determined by subtracting by the fi nal 
food weight (i. e., weight of food put in each individual cage after 
one week) from the initial food weight (i. e., weight of food put in 
each individual cage on Monday morning). The C, TR, OTR and 
OTR + S mice were manipulated and/or trained in a dark room 
from 6 to 8 AM  [ 32 ] .
 Incremental load test
 First, mice were adapted to treadmill running (INSIGHT ® , 
Ribeirão Preto, São Paulo, Brazil) for 5 days, for 10 min.day  − 1 at 
3 m.min  − 1  [ 32 ] . As described by Ferreira et al.  [ 12 ] , rodents per-
formed the incremental load test with an initial intensity of 6 m.
min  − 1 at 0 % with increasing increments of 3 m.min  − 1 every 
3 min until exhaustion, which was defi ned when mice touched 
the end of treadmill 5 times in 1 min. Mice were encouraged 
using physical prodding. The exhaustion velocity (EV; m.min  − 1 ) 
of mice was used to prescribe the intensities of aerobic training 
and overtraining protocols.
 Aerobic training protocol
 The 8-week aerobic training protocol was based on the study of 
Ferreira et al.  [ 12 ] and each experimental week consisted of 5 
days of training followed by 2 days of recovery, as previously 
described  [ 12 ] .
 Overtraining protocol
 The 8-week overtraining protocol was based on the study of 
Pereira et al.  [ 32 ] and each experimental week of the OT protocol 
consisted of 5 days of training followed by 2 days of recovery, as 
previously described  [ 32 ] .
 Performance evaluations
 The incremental load test (i. e., exhaustion velocity) and the 
exhaustive test (i. e., time to exhaustion) were used as perform-
ance evaluation parameters 24 and 48 h after the last training 
session, respectively. The incremental load test was performed 
on week 0 and at the end of week 8. Due to the high intensity 
and treadmill inclination, the exhaustive test was performed at 
the end of week 4 and 8.
 Exhaustive test
 24-h after the incremental load test, the rodents ran at 36 m.
min  − 1 with 8 % treadmill grade until exhaustion  [ 10 ] , which was 
defi ned as when mice touched the end of treadmill 5 times in 
1 min. Mice were encouraged using physical prodding. This 
value was recorded as the time to exhaustion (s).
 Glucose supplementation
 From the fi fth week of the OT protocol, 30 min after the last ses-
sion of training, mice from OTR + S were supplemented with an 
intraperitoneal (i.p.) injection of glucose solution (500 g.L  − 1 ) at 
8 g.kg  − 1 of body weight per day.
 Muscle and total blood collections
 Mice were anaesthetized 24 h after the exhaustive test (i. e., at 
the end of week 8). Following an overnight fast (~12 h), rodents 
were anaesthetized with an intraperitoneal (i.p.) injection of 
2-2-2 tribromoethanol 2.5 % (10–20 μL.g  − 1 ). As soon as anaes-
thesia was ensured by the loss of pedal and corneal refl exes, the 
extensor digitorum longus (EDL), soleus and gastrocnemius 
muscles of both hindlimbs, as well as the liver were removed 
and stored at  − 80 °C for subsequent protein analysis by immu-
noblotting and glycogen concentration measurement. Subse-
quently, total blood was collected from decapitation, and serum 
was separated by centrifuging (1 100  g ) for 15 min at 4 °C and 
stored at  − 80 °C for subsequent determination of cytokine con-
centrations.
 Protein analysis by immunoblotting
 The EDL, soleus, gastrocnemius and liver samples were ablated, 
pooled, minced coarsely and homogenized in extraction buff er 
(1 % Triton X-100, 100 mM Tris, pH 7.4, containing 100 mM 
sodium pyrophosphate, 100 mM sodium fl uoride, 10 mM EDTA, 
10 mM sodium vanadate, 2 mM PMSF and 0.1 mg.ml  − 1 aprotinin) 
at 4 °C with a Polytron PTA 20 S generator (Brinkmann Instru-
ments model PT 10/35), operated at maximum speed for 30 s. 
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The extracts were centrifuged (9 900 g ) for 40 min at 4 °C to 
remove insoluble material, and the supernatants of these 
homogenates were used for protein quantifi cation using the 
Bradford method  [ 4 ] .
 Proteins were denatured by boiling in Laemmli sample buff er 
containing 100 mM DTT, run on SDS-PAGE gel and transferred to 
nitrocellulose membranes (GE Healthcare, Hybond ECL, 
RPN303D). The transfer effi  ciency to nitrocellulose membranes 
was verifi ed by brief staining of the blots with Ponceau red stain. 
These membranes were then blocked with Tris-buff ered saline 
(TBS) containing 5 % BSA and 0.1 % tween-20, for 1 h, at 4 °C. Anti-
bodies used for immunoblotting overnight at 4 °C were Anti-IL-6 
(ab6672), Anti-IL-15 (ab7213) and Anti-GDF8/Myostatin 
(ab996) from Abcam (Cambridge, UK), and TNF-alpha (#3707), 
GLUT-4 (1 F*) Mouse mAb (#2213), β-actin (13E5) Rabbit mAb 
(#4970) and Anti-Rabbit, HRP-linked Antibody (#7074) from 
Cell Signaling Technology (Beverly, MA, USA). After being washed 
with TBS containing 0.1 % tween-20, all membranes were incu-
bated for 1 h at 4 °C with secondary antibody conjugated with a 
horseradish peroxidase. The specifi c immunoreactive bands 
were detected by chemilumininescence (GE Healthcare, ECL Plus 
Western Blotting Detection System, RPN2132). Images were 
acquired by ChemiDoc XRS Imaging System (BioRad) and quan-
tifi ed using Image Lab 3.0 software.
 Glycogen concentration measurement
 The muscle (i. e., EDL, soleus and gastrocnemius) and liver glyco-
gen concentrations were determined using the method 
described by Dubois et al.  [ 11 ] .
 Serum cytokine concentrations
 The serum concentrations of interferon-γ (IFNγ), IL-1beta, IL-6, 
IL-10, IL-12 (p70), TNF-alpha and monocyte chemoattractant 
protein-1 (MCP-1) were assessed using Luminex TM multiplex 
reagents according to the instructions of the manufacturer (Mil-
lipore, ST Charles, MO). For measuring cytokines, a MILLIPLEX 
MAP Mouse Cytokine Panel – 7 Plex (Millipore, cat. number 
MPXMCYTO-70 K) was used. Samples were acquired on the 
Luminex MAP200 instrument and were analyzed using the 3.1 
xPONENT System. The lower limits of detection were 0.1 pg.
mL  − 1 (IFNγ), 0.4 pg.mL  − 1 (IL-1beta), 0.07 pg.mL  − 1 (IL-6), 0.28 pg.
mL  − 1 (IL-10), 1.12 pg.mL  − 1 (IL-12), 1.86 pg.mL  − 1 (TNF-alpha) 
and 0.99 pg.mL  − 1 (MCP-1).
 Statistical analysis
 Results are expressed as mean ± standard error (SE). According to 
the Shapiro-Wilk’s W-test, the data were normally distributed 
and the homogeneity was confi rmed by Levene’s test. Therefore, 
one-way analysis of variance was used to examine the eff ects of 
training and overtraining protocols on the studied parameters. 
When one-way analysis of variance indicated signifi cance, Bon-
ferroni’s post hoc test was performed. All statistical analyses 
were 2-sided and the signifi cance level was set at P < 0.05. Statis-
tical analyses were performed using STATISTICA 8.0 computer 
software (StatSoft ® , Tulsa, OK, USA).
 Results
 ▼
 Although the TR, OTR and OTR + S groups presented lower per-
centage change between week 0 and week 8 for body weight 
compared to C group (  ●  ▶   Fig. 1a ), signifi cant diff erences were not 
observed for food intake (  ●  ▶   Fig. 1b ). While TR increased the 
exhaustion velocity and time to exhaustion compared to C, OTR 
and OTR + S diminished these performance parameters com-
pared to TR (  ●  ▶   Fig. 1c, d ). Overtraining protocol led to higher 
contents of IL-6 and TNF-alpha compared to TR for EDL and 
soleus samples (  ●  ▶   Fig. 2a, b, d, e ). In addition, glucose supple-
mentation did not attenuate these infl ammatory responses. In 
fact, OTR + S presented higher levels of IL-6 for EDL and gastroc-
nemius samples (  ●  ▶   Fig. 2a, c ) and of TNF-alpha for EDL and 
soleus samples (  ●  ▶   Fig. 2d, e ) compared to OTR. Overtraining 
protocol led to higher levels of GLUT-4 compared to C and TR for 
soleus and gastrocnemius samples (  ●  ▶   Fig. 2h, i ). Independently 
from the fi ber type specifi city, the GLUT-4 protein content was 
higher in OTR + S compared to C and TR (  ●  ▶   Fig. 2g–i ). While the 
glucose supplementation diminished the protein levels of 
GLUT-4 compared to OTR for soleus and gastrocnemius samples 
 Fig. 1  Percentage change between week 0 
and week 8 for body weight  a food intake  b and 
exhaustion velocity  c and between week 4 and 
week 8 for time to exhaustion  d in the experi-
mental groups. Data correspond to means ± SE of 
n = 14–18 mice. *Statistical signifi cance (P < 0.05) 
compared to C group †Statistical signifi cance 
(P < 0.05) compared to TR group. 
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(  ●  ▶   Fig. 2h, i ), OTR + S presented higher levels compared to OTR 
for EDL (  ●  ▶   Fig. 2g ).
 While training protocol diminished the protein content of 
myostatin compared to C for soleus and gastrocnemius samples 
(  ●  ▶   Fig. 2k, l ), TR presented higher levels compared to C for EDL 
(  ●  ▶   Fig. 2j ). Independently from the fi ber type specifi city, over-
training protocol increased the protein content of myostatin 
compared to C and TR (  ●  ▶   Fig. 2j–l ). In addition, the glucose sup-
plementation increased the myostatin protein content in EDL, 
soleus and gastrocnemius samples compared to C, TR and OTR 
(  ●  ▶   Fig. 2j–l ).
 Fig. 2  Arbitrary units of IL-6  a–c , TNF-alpha  d–f , GLUT-4 ( g–i and myostatin ( j–l  protein contents in EDL ( a, d, g and  j ), soleus ( b, e, h and  k ) and gas-
trocnemius samples ( c, f, i and  l ) of control, trained, overtrained and supplemented overtrained groups. Bars correspond to means ± SE of n = 6–8 mice. 
*Statistical signifi cance (P < 0.05) compared to C group. *Statistical signifi cance (P < 0.05) compared to C group. †Statistical signifi cance (P < 0.05) compared 
to TR group. ††Statistical signifi cance (P < 0.05) compared to OTR group. 
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 The liver protein contents of IL-6 were lower in TR, OTR and 
OTR + S compared to C, higher in OTR and OTR + S compared to 
TR, and lower in OTR + S compared to OTR (  ●  ▶   Fig. 3a ). For the 
liver protein contents of TNF-alpha, TR, OTR, and OTR + S were 
lower compared to C, OTR were higher compared to TR, and 
OTR + S was lower compared to OTR (  ●  ▶   Fig. 3b ). The liver protein 
contents of IL-15 were lower in TR compared to C, higher in OTR 
compared to TR, and lower in OTR + S compared to TR (  ●  ▶   Fig. 3c ).
  ●  ▶   Fig. 4a shows that the glycogen concentration in EDL was 
lower in TR compared to C, and higher in OTR and OTR + S com-
pared to TR. For glycogen concentrations in liver, TR was higher 
compared to C, and OTR was lower compared to TR (  ●  ▶   Fig. 4d ). 
According to   ●  ▶   Table 1 , overtraining protocol increased the 
serum levels of IL-6, while glucose supplementation attenuated 
this increase in the OTR + S . In addition, glucose supplementa-
tion attenuated the IFNγ increase observed in the TR and OTR 
groups.
 Discussion
 ▼
 The main fi ndings of the present investigation are: a) NFOR led 
to low-grade chronic infl ammation in muscle, liver and serum 
samples; b) the glucose supplementation attenuated these 
responses in liver and serum, but not in muscle samples; c) 
NFOR led to myostatin upregulation that may be associated with 
muscle growth inhibition. Taken together, our results suggest 
that an infl ammatory status can contribute for the performance 
decline observed in NFOR mice.
 The high values of TNF-alpha in the OTR and OTR + S groups indi-
cate that the IL-6 increase in the same groups is possibly linked 
to infl ammation instead of regular response to physical exercise 
 [ 30 ] . Recently, Xiao and Dong  [ 40 ] observed that gastrocnemius 
of overtrained rats presented high expression of IL-6 gene and 
unaltered expression of TNF-alpha gene compared to control 
rats. On the other hand, the lower levels of TNF-alpha in TR may 
be the result of an anti-infl ammatory eff ect mediated by IL-6. 
Concurring with these observations, Adser et al.  [ 1 ] verifi ed high 
TNF-alpha mRNA expression following exercise in white gas-
trocnemius when functional IL-6 was absent. Previously, Starkie 
et al.  [ 37 ] verifi ed the anti-infl ammatory eff ect of IL-6 when the 
infusion of this cytokine blunted the increase of plasma TNF-
alpha induced by lipopolysaccharide in humans.
 Although high plasma levels of IL-6 are related to physical inactiv-
ity and metabolic syndrome  [ 28 ] , we showed that the imbalance 
between exercise demands and recovery periods (i. e. NFOR) 
increased serum IL-6 by approximately 8.7, 3.5, and 1.8-fold com-
pared to C, TR, and OTR + S, respectively. Interestingly, glucose 
supplementation attenuated the high values of serum IL-6 in OTR. 
It is known that glucose ingestion during exercise attenuates the 
plasma IL-6 levels  [ 21 ,  26 ] . However, this is the fi rst study to date 
showing that the chronic glucose supplementation is associated 
with the attenuation of the high values of serum IL-6. This rela-
tionship was used to support the role of IL-6 as an energy sensor 
 [ 28 ] . Both intramuscular IL-6 mRNA expression  [ 19 ] and protein 
release  [ 38 ] are increased when glycogen concentration is low. 
The studies about IL-6 as an energy sensor were performed with 
humans  [ 19 ,  38 ] . However, Adser et al.  [ 1 ] verifi ed that IL-6 knock-
out mice performing 1h of treadmill exercise did not use muscle 
glycogen content while wildtype mice did. In addition, Kelly et al. 
 [ 20 ] verifi ed that the incubation of rat EDL muscle with IL-6 
reduced muscle glycogen concentration.
 Fig. 3  Arbitrary units of IL-6  a , TNF-alpha  b and IL-15  c protein contents 
in liver samples of control, trained, overtrained and supplemented over-
trained groups. Bars correspond to means ± SE of n = 6–8 mice. *Statisti-
cal signifi cance (P < 0.05) compared to C group. † Statistical signifi cance 
(P < 0.05) compared to TR group. † † Statistical signifi cance (P < 0.05) 
compared to OTR group. 
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 Based on those investigations  [ 1 ,  19 ,  20 ,  38 ] , we expected to fi nd 
an inverse relationship between muscle contents of IL-6 and 
muscle glycogen concentrations. However, OTR and OTR + S 
showed high values of both IL-6 protein content and glycogen for 
EDL. In addition, the other muscle samples did not present sig-
nifi cant changes in glycogen concentrations. Our results are in 
accordance with those of Hohl and co-workers  [ 17 ] , which 
showed that OT is not associated with low muscle glycogen 
stores. We also showed that the TR presented lower values of 
EDL glycogen compared to C group. This result may be explained 
because EDL – predominantly composed by type II fi bers  [ 3 ] – 
was not suffi  ciently recruited during the aerobic training proto-
col that was performed in intensity corresponding to 60 % of the 
maximal lactate steady state  [ 12 ,  32 ] . Nevertheless, Pederson et 
al.  [ 31 ] showed that mice lacking muscle glycogen due to disrup-
tion of the GYS1 gene did not exhibit diminished performance in 
a treadmill until exhaustion compared to wildtype mice. The 
authors concluded that muscle glycogen is not essential for mice 
performance during strenuous exercise  [ 31 ] .
 The aerobic training protocol did not change the GLUT-4 protein 
content in skeletal muscles. We believe that the training monot-
ony (i. e., 5 weeks running during 60 min at 60 % of EV) plays an 
important role in these results. For instance, Meier et al.  [ 24 ] 
observed that a 4-week training protocol with weekly incre-
ments in velocity and treadmill inclination increased the GLUT-4 
mRNA expression by 36 % in the tibialis anterior muscle of mice. 
Other investigations also highlighted the importance of training 
intensity on GLUT-4 mRNA expression in rodent skeletal mus-
cles  [ 13 ,  35 ] .
 From week 5 to week 8 of our OT protocol, increments in inten-
sity, volume and/or frequency of training were performed and 
may be used to justify the high values of GLUT-4 protein content 
in the soleus and gastrocnemius of the OTR group. In addition, 
Carey et al.  [ 5 ] verifi ed that an acute treatment of muscle cells 
with IL-6 increased both basal glucose uptake and translocation 
of the glucose transporter GLUT-4 from intracellular compart-
ments to the plasma membrane. Thus, the high levels of IL-6 
observed in the soleus of OTR group and in EDL, soleus and gas-
trocnemius of OTR + S group may also be used to explain the 
high levels of GLUT-4 observed in the respective muscles of 
these groups. In order to justify the lack of GLUT-4 increase in 
EDL of OTR group, we assume that the volume and intensity of 
OT sessions demanded more from oxidative (i. e. soleus and gas-
trocnemius) than glycolytic muscles (i. e., EDL)  [ 3 ] . In addition, 
the increase of IL-6 in EDL of OTR group was not suffi  cient to 
increase the protein levels of GLUT-4 in the same muscle sample.
 The 8-week aerobic training protocol led to higher myostatin 
protein content in EDL muscle compared to C, and lower myosta-
tin protein content in soleus and gastrocnemius muscles com-
pared to C. As the aerobic training protocol intensity was 
performed at the maximal lactate steady state  [ 12 ] , it is expected 
that the adaptations of muscles with diff erent fi ber type specifi -
city are not the same. Although Matsakas et al.  [ 22 ] verifi ed that 
4-week swimming training did not change myostatin protein 
contents in both portions of gastrocnemius, the authors verifi ed 
 Fig. 4  Glycogen concentrations (mg.100 mg  − 1 
of tissue) in EDL  a , soleus  b gastrocnemius  c and 
liver samples  d of control, trained, overtrained and 
supplemented overtrained groups. Bars represent 
means ± SE of n = 8–10 mice. * Statistical signifi -
cance (P < 0.05) compared to C group. † Statistical 
signifi cance (P < 0.05) compared to TR group. 
†† Statistical signifi cance (P < 0.05) compared to 
OTR group. 
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 Table 1  Responses of the serum cytokine concentrations in the experimental groups. 
  IFNγ (pg.mL  − 1 )  IL-1beta (pg.mL  − 1 )  IL-6 (pg.mL  − 1 )  IL-10 (pg.mL  − 1 )  IL-12 (p70) (pg.mL  − 1 )  TNF-alpha (pg.mL  − 1 )  MCP-1 (pg.mL  − 1 ) 
 C  0.55 ± 0.10  < LLD  0.85 ± 0.12*  1.41 ± 0.34  < LLD  2.19 ± 0.26  4.88 ± 0.51 
 TR  0.85 ± 0.12**  < LLD  2.10 ± 0.60*  2.01 ± 0.39  < LLD  < LLD  5.02 ± 0.74 
 OTR  0.77 ± 0.29**  < LLD  7.40 ± 2.99  1.64 ± 0.56  < LLD  2.12 ± 0.12  4.97 ± 0.86 
 OTR + S  0.20 ± 0.03  < LLD  4.20 ± 0.94*  1.70 ± 0.24  < LLD  < LLD  5.53 ± 1.35 
 Values are expressed as means ± SE of n = 8–10 mice 
 LLD: Lower limit of detection 
 *Statistical signifi cance (P < 0.05) compared to OTR group 
 **Statistical signifi cance (P < 0.05) compared to OTR + S group 
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that the myostatin mRNA expression diminished in white and 
red muscles but was more pronounced in white muscles. The 
diff erences between exercise type (i. e., swimming  vs. running) 
as well as the volume and intensity of training sessions makes it 
diffi  cult to compare Matsakas’ results  [ 22 ] with the present data.
 This is the fi rst investigation that studied myostatin protein con-
tent in overtrained muscles. The imbalance between exercise 
demands and recovery periods led to higher myostatin protein 
content in muscles independently from the fi ber type composi-
tion. Interestingly, glucose supplementation increased the 
myostatin protein content compared to OTR. Beyond the rela-
tionship with muscle growth  [ 29 ] , the myostatin suppression in 
mice prevents the high fat-dietary-induced obesity and insulin 
resistance  [ 41 ] . In addition, Hittel et al.  [ 16 ] showed that myosta-
tin protein administration induced insulin resistance in mice. 
Once our OT protocol is associated with low-grade chronic 
infl ammation and myostatin upregulation, future research 
should investigate our OT protocol eff ects on insulin resistance.
 Our data about liver showed that OTR presented higher levels of 
IL-6, TNF-alpha and IL-15 compared to TR. Taken together, the 
high levels of IL-6 in liver, muscle and serum samples, and the 
high levels of TNF-alpha in muscle and liver samples indicate 
that our NFOR protocol led to low-grade chronic infl ammation 
that is considered when the systemic levels of cytokines are 
enhanced by 2–3-fold  [ 34 ] . In concurrence with other studies 
 [ 1 ,  19 ,  20 ,  38 ] , diff erently from muscle results, we verifi ed an 
inverse relationship between liver contents of IL-6 and liver gly-
cogen concentrations. In addition, the OTR presented lower gly-
cogen concentration in liver compared to TR. These results 
suggest that future research should investigate the role of 
hepatic glycogen storage on NFOR model in rodents.
 With regard to the aerobic training protocol eff ects, we observed 
lower levels of IL-6, TNF-alpha and IL-15 in liver samples. 
Although high values of IL-6 and TNF-alpha mRNA expressions 
are associated with low-grade chronic infl ammation situations 
such as aging and obesity, regular physical exercise attenuated 
these mRNA expressions  [ 18 ,  25 ] . This is the fi rst investigation to 
date showing that regular aerobic exercise leads to an anti-
infl ammatory protector eff ect (i. e., diminished protein content 
of IL-6, TNF-alpha and IL-15) in the liver of mice without previ-
ous infl ammation. It is important to point out that IL-15 is a 
cytokine involved in the regenerative activity of damaged liver 
 [ 39 ] .
 In summary, our OT protocol based on downhill running ses-
sions led to low-grade chronic infl ammation marked by high 
values of IL-6 in serum, muscle and liver samples, and TNF-alpha 
in muscle and liver samples. In addition, overtrained mice pre-
sented myostatin upregulation that may be associated with 
muscle growth inhibition. While the higher content of IL-6 and 
TNF-alpha is muscle-dependent, the higher content of myosta-
tin is not. On the other hand, 8-week aerobic training protocol 
was able to induce an anti-infl ammatory protector eff ect in mice 
without previous infl ammation.
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